ABSTRACT The law of total effective temperature, which has been conventionally used by many researchers, and the thermodynamic model based on enzymatic reaction, which was presented by previously, are representative models used to express a relationship between temperature and the development rate of poikilotherms. The former is a very simple and highly descriptive linear model. In contrast, the latter is very complex because it is a nonlinear model, but it has Þne descriptive power. In a previous paper, I discovered the existence of a common temperature (Tc) and a common duration (Dc) of development among closely related members of arthropods during the course of comparatively analyzing many estimated values of constants of the linear model and succeeded in explaining the signiÞcance of TcϪDc in an evolutionary process. This study was focused on an extended application of TcϪDc to the nonlinear thermodynamic model. One of the practical difÞculties in using the nonlinear thermodynamic model results from the vexatious complication of estimating simultaneously the values of seven unknown constants. In particular, there were no means to estimate the values of the constants of reference temperature (T 0 ) and development rate () at T 0 , which are deÞned in the nonlinear thermodynamic model. Here, I determine a suitable replacement of the constants T 0 and by the common temperature (Tc) and inverse of the common duration (1/Dc), respectively, resulting in reasonably successful curve Þtting for data. Therefore, Tc (ϭT 0 ) could be considered in principle to be common in the two models. I suggest that Tc and T 0 be conferred a new deÞnitive concept, that is, the intrinsic optimum temperature for development that tends to be Þxed for a taxon, and that they exhibit the minimum effects on enzyme inactivation at low and high temperatures.
THE LAW OF TOTAL effective temperature applied to the temperature-dependent development of arthropods and other poikilotherms is well known and is expressed by the equation
where D, T, t, and k represent the duration of development (days), environmental (mean/isothermal) temperature (ЊC), the estimated developmental zero (threshold) temperature, and the effective cumulative temperature, respectively. The inverse of equation 1:
is referred to as the linear degree-day (rate) model. The parameters are characteristic of members of a local population (strain/species) in response to temperature. Several researchers found that k decreases with increasing t among related species, and I found a more rigorous linearity derived from the parameters estimated for more closely related members within a family or genus (Ikemoto 2003) . The relationships can be expressed by the following equation:
k ϭ p ϩ qt.
[3]
When equations 2 and 3 are combined, two constants for temperature and duration of development could be mathematically obtained; these are designated as Tc and Dc, Tc ϭ Ϫ p q , Dc ϭ Ϫ q, [4] respectively (Ikemoto 2003) . These two constants represent a Þxed point mathematically and biologically, that is, temperature and the duration of development commonly shared by closely related members of a taxon. For example, the larvae of the genus Periplaneta, which originates from the tropical zone, show a Tc of 26.4ЊC and a Dc of 178.9 d, and the family Aphidae, which originates from the temperate zone, shows a Tc of 15.17ЊC and a Dc of 11.9 d (Ikemoto 2003) . These new constants likely provide insights into the capacities and limitations of taxon-speciÞc temperature adaptation and the potential home range of each taxon member. The temperature dependence of arthropods and other poikilotherms is well expressed not only by the linear model of the law of total effective temperature, but also by the S-curve thermodynamic model based on enzymatic reactions DeMichele 1977, SchoolÞeld et al. 1981 ). The thermodynamic model can cover a wide range of developmental temperatures, but the model equation contains seven unknown constants. Therefore, the nonlinear Þtting of a set of observed data points is generally difÞcult.
Here, I show the appropriate interrelationships among Tc, Dc, and developmental zero (threshold) temperature (t) estimated using the linear model and the constants in the nonlinear model. In particular, it is possible to replace the reference temperature (T 0 ) and the development rate (), which are deÞned in the thermodynamic model as those having the minimum effect on enzyme inactivation, by Tc and 1/Dc estimated by the law of total effective temperature, respectively. By such replacement, Þve of the seven constants in the nonlinear model can be determined.
After validating the adequacy of these insights, I suggest a new concept, namely, the intrinsic optimum temperature for development. Tc and T 0 are Þxed for a taxon and exhibit minimum effects on enzyme inactivation at low and high temperatures.
Materials and Methods

Data Sources
To apply the thermodynamic model, a set of temperature-dependent development data with wide ranges of low and high temperatures is required. However, reported data sets of this type are limited because low and high temperatures are suboptimum and unnecessary in the law of total effective temperature. Only four data sets for larval development of 60 members (species/strains) of insects and mites examined in my previous paper are available for analysis (Ikemoto 2003) . They are those for Aedes aegypti L. (Diptera: Culicidae) (Gilpin and McClelland 1979) , Cadra (formerly Ephestia) cautella Walker (Lepidoptera: Pyralidae) (Burges and Haskins 1965) , Aulacorthum solani Kaltenbach (Homoptera: Aphididae) (Kiritani 1997 and T. Nakata, personal communication) , and Oligonychus ununguis Jacobi (Acarina: Tetranychidae) (Shinkaji 1976 ) (also see Table 1 and Appendix 1 in Ikemoto 2003) .
To validate the proposed method, data from another species, Toxoptera citricida Kirkaldy (Homoptera: Aphididae) (Tsai and Wang 1999) were used. Furthermore, to conÞrm the interrelationship of the estimated curves of the thermodynamic model among related taxon members, data from three species of aphids, namely, Rhopalosiphum pseudobrassicae Davis (Homoptera: Aphididae) (Kawada 1964) , Macrosiphum euphobiae Thomas (Homoptera: Aphididae) (Kiritani 1997 and T. Nakata, personal communication), and Myzus persicae Sulzer (Homoptera: Aphididae) (Kiritani 1997 and T. Nakata, personal communication) , were examined in addition to those from the two species of Aphididae mentioned above. Other species selected for determination of intrinsic optimum temperatures for development were Toxorhynchites brevipalpis Theobald (Diptera: Culicidae) (Trpis 1972) , Dacus cucurbitae Coquillett (Diptera: Trypetidae) (Messenger and Flitters 1958) , Tenebrio molitor L. (Coleoptera: Tenebrionidae) (Krogh 1914) , Scolothrips takahashii Priesner (Thysanoptera: Thripidae) (Gotoh et al. 2004) , Choristoneura fumiferana Clemens (Lepidoptera: Tortricidae) (Weber et al. 1999) , Sirrspilus sp. near lyncus (Hymenoptera: Eulophidae) (Urbaneja et al. 1999) , and Tyrophagus putrescentiae Schrank (Acari: Acaridae) (S-Ramos and Castañ era 2001).
Thermodynamic Model
I examined the interrelationships among the constants in the nonlinear thermodynamic model DeMichele 1977, SchoolÞeld et al. 1981 ) and those in the linear total effective temperature model. The equation for the nonlinear model can be expressed with slight modiÞcations as follows:
The deÞnitions of all variables and constants are shown in Table 1 . Because equation 5 is a multiconstant model, the nonlinear least-square method is generally required. However, we need to determine the appropriate initial values of constants before the application of the method because there are seven unknown constants and the equation is complex. Although Fig. 2 in SchoolÞeld et al. (1981) Wagner et al. (1984) developed an SAS program on the basis of MarquardtÕs nonlinear least-squares method, I did not adopt any nonlinear least-squares methods for examining the characteristics of the constants. In addition, a set of least-square estimates is not necessarily unique, and other sets of estimates could also provide acceptable results as already pointed out by Wagner et al. (1984) . I also reconÞrmed this nonuniqueness by the Quasi-Newton method (Excel 2003; Microsoft, Redmond, WA) , which is one of the nonlinear least-squares methods. Consequently, I generally adopted algebraic approaches and trial solutions using numerical table software in a personal computer. Sharpe and DeMichele (1977) , who constructed and conducted a complete survey of the thermody-namic model, stated emphatically that the model showed the validity of linear approximation (the law of total effective temperature) in the midtemperature region for some organisms. However, they did not comment on the interrelationship among constants in the two models. Here, I attempt to approximate and replace the constants in both models.
Interrelationships Among Constants in Different Models and Procedures of Nonlinear Fitting for Thermodynamic Model
Step 1 in the thermodynamic model is the development rate at [T 0 ], at which enzyme inactivation does not occur (SchoolÞeld et al. 1981 ). Thus, [T 0 ] should be different among taxonomic groups. It is reasonable to use Tc and 1/Dc as Þxed points commonly shared by members of a taxonomic group. The replacement is
[6]
Therefore,
is expressed as an approximate value because the denominator of equation 5 is not always equal to one when the environmental temperature [T] is equal to [T 0 ], as will be more fully discussed below. However, the margin of error is small because the denominator under these conditions is always Ͻ1.124 (Table 2) .
Step 2. Replacement:
, the second term of the denominator, which indicates the half state of low-temperature enzyme inactivation, is equal to 1. Sharpe and DeMichele (1977) indicated that the thermodynamic model effectively establishes a low-temperature threshold for
[8]
Step 3 
where ␤ is the co-slope of the lines and R is the universal gas constant, it is calculated as follows:
where r [t] is the development rate on a thermodynamic curve at [t] (a part of tailing at a low temperature). If the initial value read from the graph does not Þt eventually, some adjustments are necessary by returning to this step. Alternative Method. The reduced major axis lineÞtting method (see Ikemoto and Takai 2000) is also applicable to this step. In practice, line Þtting should be performed against the limited points of the Arrhenius plot [1/[T], ln r ϭ ln(1/D)], namely, the points within the range of optimum temperature according to the law of total effective temperature (see Ikemoto and Takai 2000) , 
Data source Gilpin and McClelland (1979) Burges and Haslins (1965) Kiritani (1997) and Nakata, personal communication Shinkaji (1976) ϽalternativeϾ, estimates by alternative method in step 3.
As the curve of the Arrhenius plot is a composite of three approximately straight lines, the slope of the middle line gives an approximate value of ⌬H A (see Fig. 1 ; also see Fig. 2 in SchoolÞeld et al. 1981) .
A comparison of the value obtained by the original method with that by the alternative methods is preferable because large differences between values obtained using both methods may be observed in rare cases. In such instances, it is better to use the value estimated by the original method.
Step 4. Trial Fitting: ⌬H H and T H . Four constants can be estimated using the above procedures. In determining the remaining constants, an absolute value of ⌬H L that is sufÞciently large (generally Ͼ100,000) must be assigned. ⌬H L is always a speciÞc negative value. Larger absolute values exceeding a certain threshold do not have an effect on the general shape of the curve, whereas a suitable value causes an initial rise in the curve in the low-temperature range.
⌬H H affects the height and steepness of the curve, and T H affects the height of the curve. These two constants can be determined by the manual trial Þtting method with 2 values showing the extent of differences between estimated and observed values. A nonlinear least-square method may be applicable to this step.
Step 
can be used for the automatic trial solution of ⌬H L . In practice, I use Goal-Seeking software in the Excel tool menu for the solution.
Results
The results for four data sets obtained by applying the procedure described above are shown in Fig. 2 and Table 2 . These estimated constants were crosschecked by the Quasi-Newton method using Solver in the Excel tool menu under the conditions that the estimated values of the constants ⌬H H , T H , and ⌬H L were used as the initial values. The other estimated values of constants were Þxed, and equation 12 was used as a conditional expression. No initial values were corrected at the ends of convergence. All four data sets estimated showed a good Þt between the data points and the estimated curve, with Ͻ0.005 of the total indicator 2 value. Therefore, the current method is considered to be applicable. As the straight lines of the linear model and (Tc, 1/D) of the data points were Þtted well to the semilinear region of the nonlinear model, the close relationships between the two models were well expressed.
The interrelationship of the estimated curves of the thermodynamic model for the Þve members of family Aphididae is shown in Fig. 3 . Almost all data points were Þtted well on each estimated curve, although the reliability of each estimated curve in the high-temperature range may be slightly low because of insufÞcient data points available in this range Therefore, the relationships between these constants in the two models were further supported.
Validation of Proposed Method
There are many scientiÞc studies analyzing development rate using equation 5 (e.g., Tsai and Wang 1999 , Lee and Ahn 2000 , Kim et al. 2001 Wagner et al. (1984) . I would like to compare the conventional method with the proposed method. Tsai and Wang (1999) present an excellent analysis of the development rate of brown citrus aphid, T. citricida, by the conventional method. Therefore, a comparative study is possible because Tc and Dc of Aphididae have been estimated (Ikemoto 2003) . The results are shown in Table 3 and Fig. 4 .
The results obtained by both methods showed a good Þt to the observed data points, and the goodnessof-Þt values estimated using 2 were almost the same. However, the values obtained by both methods for each constant sometimes differed from each other. This indicates that a set of least-square estimates is not necessarily unique, but other sets of estimates could also be acceptable as pointed out by Wagner et al. (1984) .
One of the problems is estimated by the conventional method. It exceeded the peak (maximal value) of the estimated curve (Fig. 4) . It does not Þt the deÞnition of the thermodynamic model. More problems were found by studying the minimum value of the denominator at [T 0 ] (Fig. 4) . In the conventional method, 298.15 K (ϭ25ЊC) is selected as the standard of [T 0 ], but the result showed that the minimum value of the denominator is at 292.30 K (ϭ19.15ЊC); the difference between these values is Ϸ6 K. In the proposed method, there was no difference because the minimum value of the denominator at [T 0 ] was determined at the Þnal step of the method by adjusting ⌬H L . I attempted to conÞrm whether it is possible to include the same adjustment in the conventional method. A stepwise decrease in the absolute value of ⌬H L to obtain the minimum value of the denominator at 298.15 K resulted, however, in a large discrepancy between the data points and the estimated curve. Changing all of the constant values was essential to achieve the purpose. Generally, a simple change in a constant value results in an overall change in the other constants, because there is a strong correlation among the constants of equation 5 (SchoolÞeld et al. 1981) . In this case, the minimum value of the denominator at 298.15 K was not obtained mathematically by simply changing ⌬H L .
The examinations above showed that Tc is a sufÞ-cient condition for T 0 . Then, I would like to conÞrm whether Tc is the necessary and sufÞcient condition for T 0 . As one way to conÞrm the logic, repeated curve Þttings were carried out using various values of T 0 . Namely, the formula
and values at various [T 0 ] values were determined by the estimated linear relationship of equation 2. The proposed procedures of curve Þtting were used, and the goodness-of-Þt was evaluated using the 2 index (Fig. 5) . As a result, the best goodness-of-Þt was found when ϭ 0 at [Tc] ϭ [T 0 ]; both constants were therefore logically conÞrmed to be equivalent.
The results presented above indicate that Tc and Dc Ikemoto (2003) , substituting for [T 0 ] and , respectively. All four data sets estimated showed a good Þt between the data points and the estimated curve. Therefore, the current method is considered applicable. As the straight lines of the linear model and (Tc, 1/D) of the points were Þtted well to the semilinear region of the nonlinear model, the close relationships between the two models were well expressed (also see Table  2 ). f, (Tc, 1/Dc); F and E, observed data points (E: out of range for linear model). Tsai and Wang (1999) ; and (cÐe) Kiritani (1997) and T. Nakata (personal communication).
of constants derived from the law of total effective temperature model are also signiÞcant in the thermodynamic model. The presence of an interrelationship and the appropriateness of replacement of the constants of the two models have been shown empirically. Therefore, it is possible to deÞne Tc as the intrinsic optimum temperature for development that is least affected by extreme environmental temperatures, and Dc at Tc is also deÞned as the intrinsic optimum duration of development. The biological signiÞcances of Tc and Dc are further clariÞed.
Further Trials of Estimating T 0 (‫؍‬Tc) Values for Seven Species
During the course of the validation mentioned above, results suggest a possibility to estimate T 0 values without information about Tc values. Consequently, I attempted to examine data sets of seven species, which have many data points. In each case, the best Þtness evaluated using 2 indices of the observed data points and the estimated curve was easily found at a speciÞc T 0 (left column in Fig. 6 ). Using the T 0 Data from Tsai and Wang (1999) . t and k in the column for the proposed method were re-estimated by Ikemoto and Takai (2000) . Tc was estimated by Ikemoto (2003) .
Fig. 4.
Comparison between two methods for determination of constants, using data from brown citrus aphid, T. citricida, by Tsai and Wang (1999) . In the conventional method, 298.15 K (ϭ25ЊC) is selected and Þxed for any organism as the standard of [T 0 ], but the result showed that the minimum value of the denominator in equation 5 is at 292.30 K (ϭ19.15ЊC); the difference between these values is Ϸ6 K. In the proposed method, however, 288.32 K (ϭ15.17ЊC) is given as [T 0 ] that is replaced by [Tc] derived from the data set from 13 closely related members of Aphididae (Ikemoto 2003) . As the result, the estimated curve Þt well to be logically correct (also see Table 3 ). Ⅺ, (T 0 , ); F and E, observed data points (E: out of range for the linear model).
values and the regular procedures explained in the methods, good Þts and logical nonlinear curves were obtained (Fig. 6 , middle column). Only in Dacus cucurbitae (Fig. 6B) , did four data points at high temperature range not Þt. When a smaller ⌬H A (Ϸ900 for 20,366 of normal estimated value) was put into the equation, the curve appeared to Þt to those points. However, such a small ⌬H A was deÞnitely not derived from equation 9 or 10.
Because all of the T 0 values estimated by this procedure are in the middle and within the optimum range of temperatures in each linear model, these T 0 values could be estimated values of Tc. Their adequacies could be further conÞrmed when the linear relationships between development rate and temperature among closely related members (local populations, strains or species) would become apparent.
Discussion
There is no question that insects, mites, and other poikilotherms have an optimum temperature for development. We have little knowledge of this temperature for insects and mites, although Harison and Fewell (1995) conÞrmed that the two-striped grasshopper (Melanoplus bivittatus Say) regulates its body temperature between 32 and 38ЊC during sunny days, and Kluger et al. (1975) found that 38.5Ð39.0ЊC is optimum for a healthy desert iguana (Dipsosaurus dorsalis Wü stenleguan).
The optimum temperature for enzyme reactions is generally deÞned as the temperature at which the maximum reaction rate is achieved. Applying the optimum temperature to the development rate of insects and mites, the maximum temperature is clearly observed as the peak of the curve expressed by the thermodynamic model. However, such maximum temperatures are beyond the upper threshold of the optimum temperature range based on the law of total effective temperature. It is worthwhile to determine the true optimum temperature.
As pointed out by Sharpe and DeMichele (1977) , the development process involves a complex series of reactions involving numerous enzyme systems, and although the biochemical complexity is overwhelming at Þrst glance, evolution has ensured that an organismÕs development corresponds to its environment, particularly its thermal environment.
I previously found that the genus Periplaneta, which originates from the tropical zone, has a Tc of 26.4ЊC, indicating an adaptation to high temperatures. However, the family Aphidae, which originates from the temperate zone, has a Tc of 15.2ЊC, indicating an adaptation to low temperatures. These values agree well with the yearly average temperatures of the two zones. Therefore, I suggested an assumption that Tc for development is the optimum temperature for members of each taxon (Ikemoto 2003) .
Because biochemical control is affected at various critical points of metabolic pathways (Sharpe and DeMichele 1977) , there is no doubt concerning the presence of an optimum temperature other than that for an enzymic reaction. The possible replacements for the constants of the two models have greater importance than the statement by Sharpe and DeMichele (1977) that the thermodynamic model shows the validity of the linear approximation in the midtemperature region for some organisms. Consequently, I propose a new concept of intrinsic optimum temperature for Tc, which is the Þxed and intrinsic constant in the law of total effective temperature model for the process of evolution from a common ancestor, and that for [T 0 ], which is the temperature at which it is assumed that there are no or negligible effects of enzyme inactivation on the thermodynamic model.
In insects and other poikilotherms, higher temperatures increase development rates and decrease the duration of development and generally result in 32 K) , the goodness-of-Þt of the estimated curve was the best (data are the same as those in Table 3 and Fig. 4) . smaller adult body sizes. Indeed, at lower temperatures, reversed phenomena are observed (Atkinson 1994, Atkinson and Sibly 1997) . Body size and temperature are the two most important variables affecting nearly all biological rates and times (Gillooly et al. 2002) . Competitors can inßuence production rate by usurping or excluding access to resources, and predation and parasitism can alter mortality rate; these interactions also depend strongly on body size, ultimately determining the optimal size (Chown and Nicolson 2004) . Therefore, the intrinsic optimum temperature for development suggested by the results of this study is among the most important factors that determine the Þtness of an optimum life history strategy.
The intrinsic optimum temperature could be used as a parameter for phylogenetic reconstruction within a taxon. Although, external and/or internal morphological similarity and nucleotide sequence homology are now mainly used to construct a phylogenetic tree, the intrinsic optimum temperature might also be a good tool. It seems to be stable as a relic at least during the course of evolutional speciation (Ikemoto 2003) . Additional information on the intrinsic optimum temperature for many taxa is necessary to address questions on biological processes.
